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The production of vector boson tagged heavy quark jets provides potentially new tools to study
jet quenching, especially the mass hierarchy of parton energy loss. In this work, we present the first
theoretical study on Z0 + b-jet in heavy-ion collisions. Firstly utilizing a Monte Carlo transport
model, our simulations give nice descriptions of the azimuthal angle correlation ∆φjZ , transverse
momentum imbalance xjZ for Z
0 + jet as well as the nuclear modification factor RAA of inclusive
b-jet in Pb+Pb collisions. Then we calculate the azimuthal angular correlation ∆φbZ of Z
0 + b-jet
and ∆φbb of Z
0 + 2 b-jets in central Pb+Pb collisions at
√
sNN = 5.02 TeV. We find that the
medium modification of the azimuthal angular correlation for Z0 + b-jet has a weaker dependence
on ∆φbZ , as compared to that for Z
0 + jet. With the high purity of quark jet in Z0 + (b-)jet
production, we calculate the momentum imbalance distribution of xbZ of Z
0 + b-jet in Pb+Pb
collisions. We observe a smaller shifting of the mean value of momentum imbalance for Z0 + b-jet in
Pb+Pb collisions ∆ 〈xbZ〉, as compared to that for Z0 + jet. In addition, we investigate the nuclear
modification factors of tagged jet cross sections IAA, and show a much stronger suppression of IAA
in Z0 + jet than that of Z0 + b-jet in central Pb+Pb collisions.
I. INTRODUCTION
The formation of quark-gluon plasma (QGP), pro-
duced in the early stages of the high-energy nucleus-
nucleus collisions both at the Relativistic Heavy Ion Col-
lider (RHIC) and the Large Hadron Collider (LHC), of-
fers a new possibility to test Quantum Chromodynamics
(QCD) under such extreme hot and dense de-confined
state of nuclear matter. The high-pT partons (quarks
and gluons) produced in the initial hard scattering will
strongly interact with the QGP and dissipate their en-
ergy to the medium, referred as the jet quenching ef-
fect [1–5]. Consequently, the ’quenched jet’ observables
are used to quantify the properties [6] of the hot and
dense QCD matter by investigating their medium mod-
ifications in heavy-ion collisions (HIC) relative to their
p+p baselines.
Recently the associated production of vector boson (
photon γ or electroweak boson such as Z0 and W+/−)
and jets (V+jet) has been extensively studied both in
theory [7–9] and experiment [10–15] to test the funda-
mental properties of QCD and improve the constraints on
the parton distribution function (PDF) in proton. More
importantly, due to the fact that vector boson would not
involve the strong interaction with the medium and gauge
the initial energy of the tagged jets, V+jet are recog-
nized ideal probe to the properties of the quark-gluon
plasma(QGP) [16–24].
In particular, new measurements on associated pro-
duction of Z0 boson and b-jet (denoted as Z0 + b-jet)
in p+p collisions at the LHC have been performed by
ATLAS and CMS [25–31], since the final state b-jet
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associated with Z0 boson is the dominant background
of the associated production of Higgs and Z0 bosons
(Z0 +H → Z + bb¯) within the standard model(SM) [32]
and can test many physics scenarios beyond the SM
which predict new generation mechanism of b quarks and
Z0 bosons [27]. It is noted that in heavy-ion collisions,
on one hand, the Z0 boson tagged b-jet, since the ini-
tial energy of b quark is well gauged by the vector boson
and then its energy loss can be directly obtained, better
suits to explore quenching of heavy flavor jet than the
inclusive b-jet. On the other hand, the dead cone effect
of heavy flavor quarks has attracted intense investiga-
tions [33–36], though by comparing the RAA of inclusive
jet with b-jet as well as the pT imbalance (xJ) of in-
clusive di-jet with bb¯ di-jet, experimental measurements
have not found direct evidence [37–39], except some in-
dication that B mesons, via B → J/Ψ channel, might
undergo smaller suppression than D-mesons and light
hadrons in A+A collisions [40]. The possible reasons for
this puzzle can be manifold, while the large contribution
of gluon-initiated b-parton processes may contaminate
many attempts of solving the puzzle. Previous studies in
Ref. [16, 41] have shown that the dominant contribution
of Z0 tagged jet is quark-initiated jet, and the study of
Z0 + b-jet in HIC, especially their different medium mod-
ifications from that of Z0 + jet provide a very useful tool
to directly address the mass effect between light-quark
jet and massive bottom jet. Nevertheless, so far studies
on the associated production of b-jet and Z0 boson in
nucleus-nucleus collisions are still lacking.
With this in mind, in this work, we present a Monte
Carlo transport simulation including elastic (collisional)
and inelastic (radiative) interaction of the energetic par-
ton in the hot/dense QCD medium, while taking the
next-to-leading order (NLO) plus parton shower (PS)
generated initial hard parton spectrum as input, to
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2study the in-medium modification of the vector boson
Z0 tagged b-jets. This framework has been employed to
describe the heavy-flavor jet production of high-energy
nuclear collisions in our previous studies [42–45]. We
will first show our numerical results of Z0 + jet and com-
pare them to the available experimental data to test the
application of our model. Then we proceed to calculate
the angular correlations of Z0 + b-jet in A+A collisions ,
and demonstrate the modifications on these correlations
are sensitive to the initial b-jet pT distribution instead
of the azimuthal angle. Unlike the case in Z0 + jet, the
requirement of b-tagging excludes the contribution from
multiple jets so that the azimuthal angular correlations
of Z0 + b-jet show distinct pattern modifications. With
the high purity of light-quark jet in Z0 + jet events, we
expect to address the mass dependence of the jet quench-
ing effects between Z0 + jet and Z0 + b-jet.
The rest of our paper is organized as follows: in Sec. II
we present the productions of Z0 + b-jet in p+p collisions
calculated by Monte Carlo event generator and their com-
parisons with the experimental data. In Sec. III we dis-
cuss our treatments of the jet in-medium evolution in
A+A collisions. In Sec. IV we give the simulated re-
sults and discussions of azimuthal angular correlation,
transverse momentum imbalance, and nuclear modifica-
tion factor of Z0 + b-jet in HIC. Finally, Sec. V summa-
rizes our study.
II. THE ASSOCIATED PRODUCTION OF Z0
BOSON AND B-JET IN P+P COLLISIONS
Before we move into the study on Z0 + b-jet produc-
tion in heavy-ion collisions, we should address its produc-
tion in p+p collisions. Fig. 1 shows a few processes [25]
contributing to the associated production of a Z0 boson
and b-jet . In the Fig. 1(a) and (b), an initial bottom
quark from the parton distribution function(PDF) de-
rived from the gluon distribution of one beam particle
evolves the hard scattering and then turn into a b-jet
and a Z0 boson in the finial-state. In the bottom two
diagrams, the bb¯ pairs originate from the hard scattering
and then turn into two b-jets associated with a emitted
Z0 boson in the final-state.
In this work, we use the MC@NLO event generator
SHERPA [46] to obtain the initial Z0 + b-jet produc-
tion in p+p collision. The tree-level matrix elements
are calculated by the internal module Amegic [47]and
Comix [48], while one-loop virtual correction calculated
by the external program BlackHat. The parton shower
based on Catani-Seymour [49] subtraction method is
matched with NLO QCD matrix elements by MC@NLO
method [50]. The NLO PDF from NNPDF3.0 [51] with
5-flavour scheme has been chosen in the calculations.
FASTJET [52] with anti-kT algorithm is used in the event
selection and the final state jet reconstruction.
To confront our calculated results by SHERPA with
the unfolded experimental data in p+p collisions, the
same configurations as the selection of ATLAS collab-
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FIG. 1. Feynman diagrams contributing to the associated
production of b-jet with Z0 boson.
oration [31] have been set up in our simulations. The
Z0 boson is reconstructed based on its decay channels
Z0 → e+e− and Z0 → µ+µ− . The transverse momen-
tum of the electron and muon candidate are required to
be lager than 20 GeV. To exclude the barrel-endcap tran-
sition region, the electrons are selected within the pseu-
dorapidity region |η| < 1.44 or 1.57 < |η| < 2.4 while
muons within |η| < 2.4. And according to the require-
ment of experiment, the events are considered only when
the invariant mass of the electron or muon pairs lie in
the mass region 70 < Mll < 111 GeV. The jets associ-
ated with the Z0 boson are reconstructed by FASTJET
using anti-kT algorithm with cone size ∆R = 0.5. To
reduce the contribution from the underlying event, the
reconstructed jets must be in the pseudorapidity region
|ηjet| < 2.4 and have pT,jet > 30 GeV. The contribu-
tion from the underlying event is less than 5% estimated
by ATLAS [31] because the production of softer jets is
greatly suppressed by this requirement.
For events with at least one b-jet, we show the differ-
ential cross sections simulated by SHERPA as a function
of leading b-jet pT and Z
0 boson pT in Fig. 2. In the up
panel of Fig. 3, the azimuthal angle correlation between
the leading b-jet and Z0 boson (∆φbZ = |φb−φZ |) is also
calculated to compare with ATLAS data. In addition, for
events with two b-jets (henceforth Z0 + 2 b-jets), we also
plot the differential cross sections as a function of the az-
imuthal angle between the two b-jets (∆φbb = |φb1−φb2|).
We find that our calculations simulated by SHERPA are
in nice agreement with the experimental measurements.
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FIG. 2. Differential cross section of Z0 + b-jet simulated by
SHERPA(blue line) in p+p collision at
√
s = 8 TeV as a
function of transverse momentum of the highest-pT b-jet (up
panel) and transverse momentum of Z0 boson (bottom panel)
compared to the ATLAS data [31].
III. IN-MEDIUM JET EVOLUTION
In high energy nuclear collisions, a droplet of an ex-
otic state of nuclear matter, the QGP is expected to be
formed. The high pT partons produced in the hard scat-
tering propagating in the QGP would suffer both col-
lisional and radiative energy loss as a result of the in-
medium interaction. A complete treatment of the heavy-
flavored jets propagating in the QGP needs a simulta-
neous description of space-time evolution for both light
and heavy partons [36, 53–55]. The Boltzmann and
Langevin transport equations had been generally em-
ployed to describe the parton evolution in the expanding
QCD medium [42, 43, 56–61]. Due to the lack of uni-
fied theoretical approach, there are usually two methods
to combine the vacuum parton shower with the medium-
0 . 0 0 . 5 1 . 0 1 . 5 2 . 0 2 . 5 3 . 0
1 0 - 1
1 0 0
1 0 1
Z  +  b - j e t  p + p  @  8  T e Va n t i - k T  R = 0 . 5p j e tT  > 3 0 G e V| η j e t | < 2 . 4
∆φΖb  [ r a d ]
dσ/
d∆
φ b
Z [p
b/ra
d]
 A T L A S  d a t a s h e r p a
0 . 0 0 . 5 1 . 0 1 . 5 2 . 0 2 . 5 3 . 01 0
- 2
1 0 - 1
1 0 0
Z  +  2  b - j e t sp + p  @  8  T e Va n t i - k T  R = 0 . 5p j e tT  > 3 0  G e V| η j e t | < 2 . 4
dσ
/d∆
φ b
b [p
b/ra
d]
∆φb b  [ r a d ]
 A T L A S  d a t a s h e r p a
FIG. 3. Differential cross section of Z0 + b-jet simulated by
SHERPA(blue line) in p+p collision at
√
s = 8 TeV as a func-
tion of azimuthal angular difference ∆φbZ = |φb − φZ | of Z0
boson and b-jet (up panel), and azimuthal angular difference
∆φbb = |φb1−φb2| of the two b-jets (bottom panel) compared
to the ATLAS data [31].
induced radiation in heavy-ion collisions. The first one
is to introduce a medium modified splitting function for
the in-medium parton shower, like Q-PYTHIA [62] and
JEWEL [63]. Here we employ the alternative treatment,
Arnold-Moore-Yaffe (AMY) scheme [64], as implemented
in LBT [65] and MARTINI [66]. We take the p+p events
produced by SHERPA with full vacuum parton shower as
the input, sample their initial spatial positions by a MC-
Glauber model [67], and then simulate the subsequent
in-medium evolution.
4A. Collisional energy loss
The movement of a heavy quark with large mass (M 
T ) propagating in the hot and dense nuclear matter
and suffering a large number of random kicks from the
medium, can be modelled as a Brown motion [56]. Hence
a discrete Langevin equation could be utilized to de-
scribe the propagating of heavy quarks in the QCD
medium [42, 43, 59, 68]
~x(t+ ∆t) = ~x(t) +
~p(t)
E
∆t (1)
~p(t+ ∆t) = ~p(t)− Γ(p)~p∆t+ ~ξ(t)− ~pg , (2)
where ∆t is the time step in the Monte Carlo simulation,
and Γ(p) is drag coefficient representing the dissipation
effect and control the strength of quasi-elastic scattering.
~ξ(t) is the stochastic term which obeys a Gaussian-form
possibility distribution:
W [~ξ(t)] = N exp[
~ξ(t)2
2κ∆t
] , (3)
and leads to:
〈ξi(t)〉 = 0 (4)
〈ξi(t)ξj(t′)〉= κ∆tδij(t− t′) , (5)
The diffusion coefficient κ is relative to the drag coef-
ficient Γ by the fluctuation-dissipation relation [69]:
κ = 2ΓET =
2T 2
Ds
, (6)
where Ds is the spacial diffusion coefficient which fixed
at 2piTDs = 4 in this work based on the Lattice calcu-
lation [53, 70]. The last term −~pg is the recoil momen-
tum due to the medium induced gluon radiation which
will be discussed in the following section. At each time
step, we boost partons to the local rest frame of the
expanding medium to update the four-momentum and
then boost them back to the laboratory frame to up-
date the spatial position until the local temperature bel-
low Tc = 165 MeV. The space-time evolution profile of
the bulk medium in Pb+Pb collision is provided by the
VISHNEW [71] code.
Meanwhile, the calculation to leading logarithmic ac-
curacy at Hard-Thermal-Loop approximation [72, 73] is
employed in our framework to describe the collisional en-
ergy loss of light quarks and gluon:
dE
dz
= −αsCsµ
2
D
2
ln
√
ET
µD
(7)
where z is the transport path of the partons along to the
propagating direction. Instead of considering the exact
probability of the elastic scattering, the mean effect of
the elastic energy loss is implemented in our simulation.
B. Medium induced gluon radiation
The inelastic scattering also plays an important role
in the in-medium energy loss of energetic partons [74,
75]. In our work, the Higher-Twist radiated gluon
spectra [76–79] has been implemented to simulate the
medium-induced gluon radiation when parton propagate
in the dense and hot QCD matter:
dN
dxdk2⊥dt
=
2αsCsP (x)qˆ
pik4⊥
sin2(
t− ti
2τf
)(
k2⊥
k2⊥ + x2m2
)4
(8)
where x and k⊥ are the energy fraction and the trans-
verse momentum of the radiative gluon. αs is the strong
coupling constant which fixed at αs = 0.3 in our calcula-
tion, Cs is the quadratic Casimir in color representation,
and P (x) is splitting function [80] for the splitting pro-
cesses q → q + g and g → g + g respectively(g → q + q¯
process is negligible due to its low possibility [61]),
Pq→qg(x) =
(1−x)(1+(1−x)2)
x (9)
Pg→gg(x) =
2(1−x+x2)3
x(1−x) (10)
τf is the radiated gluon formation time defined as
τf = 2Ex(1 − x)/(k2⊥ + x2m2), and t − ti is the time
interval between two inelastic scattering. And qˆ is the
jet transport coefficient [81]:
qˆ(τ, r) = qˆ0
ρQGP (τ, r)
ρQGP (τ0, 0)
pµuµ
p0
(11)
where qˆ0 denotes the value of qˆ at the center of the
bulk medium at the initial time τ0 = 0.6 fm/c, with
qˆ0 = 1.2 GeV
2/fm at T (τ0 = 0.6 fm/c) extracted from
the identified hadron suppression [82], and ρQGP (τ, r) is
the parton number density where the parton probed. To
take into account of the radial flow effect [83], the four
momentum of parton pµ and the four flow velocity of
medium in the collision frame uµ act as a modification
for qˆ in a expanding nuclear medium. The last term rep-
resents the dead-cone effect [35, 78] which suppresses the
gluon radiation of heavy quarks at small angle owing to
their large mass.
An imposed cut-off of radiated gluon energy fraction
xmin =
µD
E has been taken to avoid the divergence near
x→ 0, where µ2D = 4piαs(1 + nf6 )T 2 is the Debye screen-
ing mass induced by the GQP medium. Therefore, fol-
lowing the method introduced in [60], one could estimate
the mean number of radiated gluon〈N(t,∆t)〉 during a
time step ∆t by integrating the phase space of x, k⊥ and
t in Eq. (8) :
〈N(t,∆t)〉 =
∫ t+∆t
t
dt
∫ 1
xmin
dx
∫ (xE)2
0
dk2⊥
dN
dxdk2⊥dt
(12)
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FIG. 4. Radiative energy loss of partons with initial energy
E0 = 50 GeV in a static medium with temperature T =
400 MeV: Comparison of Monte Carlo simulation and semi-
analytical calculation.
By assuming that the multiple gluon radiation is a Pos-
sion process, we obtain the probability distribution of the
radiation number P (n, t,∆t) during a time step, as well
as the total inelastic scattering probability Prad(t,∆t):
P (n, t,∆t) = 〈N(t,∆t)〉
n
n! e
−〈N(t,∆t)〉 (13)
Prad(t,∆t) = 1− e−〈N(t,∆t)〉 (14)
In our Monte Carlo simulation, during every time
step, the Prad(t,∆t) would be firstly evaluated to de-
cide whether the radiation occurs. If accepted ,and the
Possion distribution function P (n, t,∆t) would be used
for the sampling of the radiated gluon number. At
last, the four momentum of the radiated gluon could be
sampled based on the spectrum dN/dxdk2⊥ expressed in
Eq. 8. In Fig. 4, for a consistent comparison between
our Monte Carlo simulation and the analytical calcula-
tion based on Eq. 8, we estimate the radiative energy
loss of gluon, light quark, charm and bottom in a static
medium (T = 400 MeV). Here we fix the parton en-
ergy (50 GeV) at each evolution time step and also re-
store the initial time ti in Eq. (8) to be 0 same as the
treatment in Ref. [84], since their variations during the
Monte Carlo simulation are not automatically included in
the analytical calculation. We find MC results agree well
with the analytical calculations and show a clear mass
hierarchy for different parton species.
IV. NUMERICAL RESULTS AND
DISCUSSIONS
In this section, to estimate the medium modification of
jet observables in nucleus-nucleus collisions, we use the
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FIG. 5. Distributions of the azimuthal angle difference ∆φjZ
between the Z0 boson and the jet both in p+p and 0 − 30%
Pb+Pb collisions at 5.02 TeV compared with CMS data [85].
The distributions are scaled by the Z0 events number N in
p+p collisions.
p+p events provided by SHERPA as input of our simu-
lation within the hydrodynamic background to study the
in-medium jet evolution. Before proceed to Z0 tagged
b-jet, we firstly calculate the azimuthal angular corre-
lation (∆φjZ = |φjet − φZ |) and transverse momentum
balance (xjZ = p
jet
T /p
Z
T ) of Z
0 + jet, as well as the nuclear
modification factor RAA of inclusive b-jet, and compare
our theoretical results with the available experimental
data. Then we calculate the Z0 + b-jet observables, in-
cluding azimuthal angle correlation between Z0 boson
and b-jet (∆φbZ = |φb-jet − φZ |), angle separation be-
tween the Z-tagged two b-jets (∆φbb = |φb1−φb2|), trans-
verse momentum (xjZ = p
b-jet
T /p
Z
T ), and nuclear modifi-
cation factor IAA, which defined as:
IAA =
1〈
NAAcoll
〉 dNAAdpjetT |pminT <pZT<pmaxT
dNAA
dpjetT
|pminT <pZT<pmaxT
. (15)
Here
〈
NAAcoll
〉
denotes the averaged number of the binary
nucleon-nucleon collision in A+A collisions calculated in
Glauber model [67].
In Fig. 5, we show our calculated ∆φjZ distributions
both in p+p and 0− 30% Pb+Pb collisions at 5.02 TeV
compared with the CMS experimental data [85] . The
same configurations in the jet reconstruction are used as
that of the CMS. All final state jets are reconstructed
by FASTJET using anti-kT algorithm with R = 0.3 and
required pjetT > 30 GeV, the selected Z
0 boson are re-
constructed by the electron or muon pairs based on its
decay channels (Z0 → e+e− and Z0 → µ+µ−), and re-
quired pZT > 60 GeV. Note that these distributions are
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FIG. 6. Distributions of the transverse momentum balance
xjZ of Z
0 + jet both in p+p and 0 − 30% Pb+Pb collisions
at 5.02 TeV compared with CMS data [85]. The distribution
is normalized by the Z0 events number and Z0 + jet pairs are
required with ∆φjZ > 7pi/8.
normalized by the number of Z0 events, and the jet trans-
verse momentum are smeared by Gaussian form [85] to
take into account the detector resolution effects. It is
shown that the distribution of azimuthal angle correla-
tion in Pb+Pb collisions suffers a suppression at small
∆φjZ region relative to the p+p baseline, which is con-
sistent with CMS measurement. However, at large angle
region (∆φjZ ∼ pi, where Z0 boson and jet are almost
back-to-back), this suppression is not very apparent. The
underlying reason for this behavior has been discussed in
detailed in [19, 21], namely small ∆φjZ region is domi-
nated by the multiple jets processes and large ∆φjZ re-
gion by soft/collinear radiation. Usually, the jet energy
of multiple-jet processes is relatively low and easier to be
shifted below the jet selection threshold (pjetT > 30 GeV)
because of parton energy loss [20].
In Fig. 6, we compute xjZ distribution for Z
0 + jet
both in p+p and 0 − 30% Pb+Pb collisions and find
that our calculations can give quiet decent description
of the CMS data. Note here that selected Z0 + jet pairs
are required to be almost back-to-back (∆φjZ > 7pi/8).
Relative to the p+p baseline, in Pb+Pb collisions, we
find that xjZ distribution is shifted toward smaller value,
which shows an enhancement at 0 < xjZ < 0.7 and sup-
pression at 0.7 < xjZ < 2. It’s understood that xjZ rep-
resents the transverse momentum imbalance of Z0 and
jet, for each Z0 + jet pair, the values of xjZ decrease by
the jet energy loss, and thus are shifted to smaller xjZ
observed in the final-state.
Besides, shown in Fig. 7, we investigate the nuclear
modification factor RAA of inclusive b-jet in Pb+Pb col-
lisions at
√
sNN = 2.76 TeV comparing with the CMS
measurements [37] to test our model calculations. And
we find that, both in central and peripheral Pb+Pb colli-
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FIG. 7. The nuclear modification factor RAA of b-jet. The
p+p baseline is provided by SHERPA and theoretical calcu-
lations are comparing with CMS data [37] at centralities of
0− 10%, 10− 30%, 30− 50%, 50− 100%.
sions, our theoretical calculations give fairly well descrip-
tion on the nuclear modification of b-jet yield.
The nice agreement between our model calculations
and the data of Z0 + jet and inclusive b-jet facilitates
our studies on the medium modification of Z0 + b-jet in
nuclear-nuclear collisions. In Fig. 8, we calculate the az-
imuthal angular correlation of Z0 boson and b-jet in p+p
and 0 − 10% Pb+Pb collisions at 5.02 TeV. The b-jets
associated with the Z0 boson are reconstructed by FAST-
JET using anti-kT algorithm with cone size ∆R = 0.5,
|ηjet| < 2.4 and pjetT > 30 GeV both in p+p and Pb+Pb
collisions. Note that these distributions are normalized
by initial Z0 + b-jet event number (in p+p collision) to
address the medium modification. We observe an over-
all suppression in Pb+Pb collisions relative to the p+p
baseline. We show their ratio PbPb/pp in the middle
panel of Fig. 8, and find that the suppression for Z0 + b-
jet has a much weaker dependence on ∆φbZ , as compared
to that for Z0 + jet which shows stronger suppression at
small ∆φjZ region where multiple jets dominate. Obvi-
ously, all selected jet must first be b quark tagged, this
requirement significantly reduces the contribution from
multiple jets processes when we consider the azimuthal
angular (∆φbZ) distribution.
To address the key factor which leads the flat suppres-
sion on ∆φbZ distribution, we estimate the averaged b-jet
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FIG. 8. Distributions of the azimuthal angle correlation of Z0
boson and b-jet both in p+p and 0 − 10% Pb+Pb collisions
at 5.02 TeV. The distributions are scaled by the Z0 + b-jet
event number N in p+p collisions.
transverse momentum 〈pT 〉 as a function of ∆φbZ , which
can be calculated by :
〈pT 〉 (∆φ) =
∫
dσ
dpT d∆φ
pT dpT∫
dσ
dpT d∆φ
dpT
. (16)
The decreasing of the selected event number in A+A
collisions results from the in-medium energy loss, which
shifts lower pT jet below kinematic selection cut. The
initial 〈pT 〉 distribution actually reflect the ∆φbZ depen-
dence of this shift. It turns out that the distribution of
〈pT 〉 versus ∆φbZ is nearly a constant value at 55 GeV
as shown in the bottom panel of Fig. 8, which leads to
the rather flat suppression on ∆φbZ distribution.
As we mentioned in Sec. II, the azimuthal angular sep-
aration ∆φbb of the two b-jets tagged by Z
0 boson is also
a useful observable to distinguish the contribution from
subprocesses where Z0 boson is emitted from one of the
final state b quark or gluon splitting (g → bb¯) [27], as
shown in diagrams (c) and (d) of Fig. 1. Note that these
two categories of contributions correspond to the regions
where the two b-jets are almost back-to-back (∆φbb ∼ pi)
or collinear (∆φbb ∼ 0). What interests us is how the
∆φbb distribution of these two categories of Z
0 + 2 b-
jets would be modified in the QGP. As shown in the top
panel of Fig. 9, we plot these two ∆φbb distribution both
in p+p and 0− 10% Pb+Pb collisions at 5.02 TeV, and
also plot the ratio PbPb/pp in the middle panel. We ob-
serve an upward trend of the ratio from 0.5 to 0.7 as ∆φbb
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FIG. 9. Distributions of the azimuthal angular separation
∆φbb of the two b-jets tagged by Z
0 boson both in p+p and
0− 10% Pb+Pb collisions at 5.02 TeV. The distributions are
scaled by the Z0 + 2 b-jets event number N in p+p collisions.
increasing. To figure out the distribution dependence on
∆φbb, we estimate the 〈pT 〉 of the leading and sub-leading
b-jet shown in the bottom panel of Fig. 9. We find that,
for both leading and subleading b-jets, 〈pT 〉 is increasing
with ∆φbb, which then results in the increasing of the
distribution ratio with ∆φbb.
The associated production of Z0 + jet may shed new
light on the mass dependence of the jet quenching effect
in the nuclear matter, owing to its high purity sample
of light-quark-initiated jets. In Ref. [41], the contribu-
tions from light-quark-jet and gluon-jet in the Z0 + jet
production is ≈ 70% and ≈ 30%. To verify this point,
in Fig. 10, we estimate the gluon-jet fraction in four cat-
egories of jets in p+p collisions at 5.02 TeV: inclusive
jet, inclusive b-jet, Z0 tagged jet and Z0 tagged b-jet.
We find that at pjetT ∼ 50 GeV the gluon-jet fraction is≈ 50% in inclusive jet and ≈ 30% in Z0 tagged jet. The
Z-tagging requirement considerably decreases the gluon
jet contribution by 40% especially at lower pT . More
importantly, for inclusive b-jet and Z tagged b-jet, the
contributions from gluon-jet are greatly suppressed due
to the requirement of b-quark tagging and show almost
equal values.
In Fig. 11, we plot the scaled xjZ (xbZ) distribution of
Z0 + jet and Z0 + b-jet in both p+p and 0−10% Pb+Pb
collisions at 5.02 TeV. Note all selected jets (b-jets) must
be in the region ∆φjZ > 7pi/8 (∆φbZ > 7pi/8) to guar-
antee they are mostly back-to-back with the Z0 boson.
We observe the distributions of xJ shift towards smaller
value both in Z0 + jet and Z0 + b-jet in Pb+Pb colli-
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jet (blue dash), Z0 + jet (red solid), Z0 + b-jet (blue solid).
Z0+ jet Z0+ b-jet
〈xJ〉pp 0.987 0.941
〈xJ〉PbPb 0.851 0.849
∆xJ 0.136 0.092
TABLE I. The comparison of mean value of momentum im-
balance xJ of Z
0 + jet and Z0 + b-jet both in p+p and
0 − 10% Pb+Pb collisions at √sNN = 5.02 TeV, as well as
the shifting of mean value of momentum imbalance ∆xJ =
〈xJ〉pp − 〈xJ〉PbPb.
sions relative their p+p baseline, due to the energy loss
of the tagged jets. To make a more intuitive compari-
son between Z0 + jet and Z0 + b-jet, we show the ratio
of xJ distribution in Pb+Pb to that in p+p (see the
bottom panel of Fig. 11), which have positive values at
0.2 < xJ < 0.8 and negative values at 0.8 < xJ < 1.6.
And then we find the absolute value of the ratio (PbPb-
pp) of Z0 + jet is larger than that of Z0 + b-jet. Fur-
thermore, we estimate the shifting of mean value of mo-
mentum imbalance ∆〈xjZ〉 = 〈xjZ〉pp − 〈xjZ〉PbPb for
Z0 + jet, and ∆〈xbZ〉 = 〈xbZ〉pp − 〈xbZ〉PbPb for Z0 + b-
jet shown in Tab. I
〈xJ〉 = 1
σ
∫
dσ
dxJ
xJdxJ , (17)
with J denotes different processes. It reads that ∆xjZ
(∼ 0.136) for Z0 + jet is significantly larger than ∆xbZ (∼
0.092) for Z0 + b-jet, which clearly indicates a stronger
modification on light-quark jet than b-jet.
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FIG. 11. Distributions of xjZ (xbZ) of Z
0 + jet and Z0 + b-jet
both in p+p and 0− 10% Pb+Pb collisions at 5.02 TeV.
The nuclear modification factors of tagged jet cross sec-
tion IAA is practically another good observable to address
the mass hierarchy and flavor dependence of jet quench-
ing effects. The comparison of IAA between Z
0 + jet
and Z0 + b-jet would provide more reliable evidence to
the mass effect of jet quenching. For this purpose, we
present the calculations of IAA of Z
0 + jet and Z0 + b-jet
in 0 − 10% Pb+Pb collisions at 5.02 TeV as a function
of jet pT within three p
Z
T windows shown in Fig. 12. The
shapes of IAA are sensitive to the kinematical p
Z
T cut both
for Z0 + jet and Z0 + b-jet due to the fact that pZT region
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FIG. 12. The nuclear modification factor as a function of transverse momentum of the tagged jet within three pZT ranges:
40− 60 GeV, 60− 80 GeV, 80− 120 GeV in 0− 10% centrality Pb+Pb collisions at √sNN = 5.02 TeV.
gauges the initial jet energy. Especially, comparing IAA
of tagged b-jet and light jet in 0− 10% Pb+Pb collisions
for each pZT cut, one observes a visible stronger suppres-
sion for Z0 + jet relative to that of Z0 + b-jet. This
indicates that the in-medium energy loss of Z0 tagged
b-jet is smaller than that of Z0 tagged light-quark jet.
V. SUMMARY
Vector boson-tagged heavy quark jets are potentially
new promising tools to study the jet quenching effect. In
this work, we presented a Monte Carlo transport simu-
lation, which takes into account the elastic and inelastic
jet interactions within a hydrodynamic background, to
study the in-medium modification of the vector boson
tagged b-jets. The NLO+PS event generator SHERPA
has been used to provide the p+p baseline of Z0 + b-jet
production, which shows a nice agreement with the AT-
LAS measurements. This framework has been proven to
give nice descriptions of medium modifications on ∆φjZ
and xjZ of Z
0 + jet, as well as the RAA of inclusive b-jet,
measured in Pb+Pb collisions at the LHC.
The angular correlation between the vector boson and
heavy quark tagged jets may be a new promising ob-
servable to study the in-medium jet interaction. We pre-
sented the first calculations of the azimuthal angular cor-
relation ∆φbZ of Z
0 + b-jet both in p+p and 0 − 10%
Pb+Pb collisions at
√
sNN = 5.02 TeV. We observed a
flat suppression factor versus ∆φbZ , unlike the case in
Z0 + jet, since the requirement of b-tagging excludes the
contribution from multiple-jet processes. In addition, for
Z0 + 2 b-jets ,we also calculated another interesting ob-
servable, the azimuthal angle ∆φbZ distribution between
the two b-jets in p+p and Pb+Pb collisions, and observed
stronger suppression at small ∆φbb where dominated by
gluon splitting processes relative to at large ∆φbb. We es-
timated the 〈pT 〉 distribution and demonstrate the modi-
fication patterns on these azimuthal angle are sensitive to
the initial b-jets pT distribution versus ∆φbZ (or ∆φbb).
These investigates may help us to understand the exper-
imental measurements on jet angular correlations a the
LHC in recent years.
Furthermore, with the high purity of quark jet in
Z0 + (b-)jet events, we addressed the mass dependence
of Z0 tagged (b-)jet productions. We calculate xjZ of
Z0 + jet and xbZ of Z
0 + b-jet, and show the ordering of
the shift of the mean momentum imbalance for Z0 + b-
jet and Z0 + jet in heavy-ion collisions to be ∆ 〈xbZ〉 <
∆ 〈xjZ〉. We also calculate another observable, the nu-
clear modification factors of tagged jet cross section IAA
for Z0 + jet and Z0 + b-jet, and observe stronger suppres-
sion of IAA for Z
0 + jet relative to those for Z0 + b-jet. In
general, these comparisons can be validated at the LHC
with the current experimental technologies, and may pro-
vide a key to unlock the puzzle of mass hierarchy of jet
quenching.
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